Chronic wasting disease (CWD), a prion disease of mule deer (Odocoileus hemionus), accelerates mortality and in so doing has the potential to influence population dynamics. Although effects on mule deer survival are clear, how CWD affects recruitment is less certain. We studied how prion infection influenced the number of offspring raised to weaning per adult ($2 yr old) female mule deer and subsequently the estimated growth rate (l) of an infected deer herd. Infected and presumably uninfected radio-collared female deer were observed with their fawns in late summer (August-September) during three consecutive years (2006)(2007)(2008) in the Table Mesa area of Boulder, Colorado, USA. We counted the number of fawns accompanying each female, then used a fully Bayesian model to estimate recruitment by infected and uninfected females and the effect of the disease on l. On average, infected females weaned 0.95 fawns (95% credible interval50.56-1.43) whereas uninfected females weaned 1.34 fawns (95% credible interval51.09-1.61); the probability that uninfected females weaned more fawns than infected females was 0.93). We used estimates of prevalence to weight recruitment and survival parameters in the transition matrix of a three-age, single-sex matrix model and then used the matrix to calculate effects of CWD on l. When effects of CWD on both survival and recruitment were included, the modeled l was 0.97 (95% credible interval 5 0.82-1.09). Effects of disease on l were mediated almost entirely by elevated mortality of infected animals. We conclude that although CWD may affect mule deer recruitment, these effects seem to be sufficiently small that they can be omitted in estimating the influences of CWD on population growth rate.
INTRODUCTION
Diseases can affect the dynamics of wildlife populations by influencing rates of survival and reproduction. Although effects of disease on survival are well established for a broad range of pathogens, effects on recruitment of young are not as well understood. Disease can reduce the number of offspring recruited to the population directly by influencing the fertility of adults or, when diseases are transmitted to offspring, by reducing survival of newborn and young (Thorne et al., 1988; Dubey et al., 2007; George et al., 2008; Pioz et al., 2008) . Alternatively, recruitment can be influenced indirectly by disease effects that change maternal behaviors such as foraging, avoiding predators, and caring for young. For example, parasitism can compromise nutritional status and alter maternal care, and, in so doing, reduce offspring survival (King et al., 1977; Birkhead and Perrins, 1985; Festa-Bianchet, 1988; Davidar and Morton, 1993; Harshman and Zera, 2007) .
Chronic wasting disease (CWD) is a transmissible spongiform encephalopathy (TSE) caused by an infectious prion protein (PrP CWD ) that infects free-living and captive members of the deer family, including mule deer (Odocoileus hemionus), elk (Cervus elaphus nelsoni), whitetailed deer (Odocoileus virginianus), and Shira's moose (Alces alces shirasi) (Williams and Young, 1980; Williams, 2005; Baeten et al., 2007) . Other ruminant TSEs include scrapie in sheep and goats (Detwiler and Baylis, 2003) and bovine spon-giform encephalopathy (BSE) in cattle (Wells et al., 1987) . It is unlikely that CWD affects prenatal or neonatal mule deer survival directly in light of its prolonged disease course (Williams, 2005; Fox et al., 2006) . However, indirect effects of CWD on recruitment seem possible. Clinical disease is characterized by abnormal behavior and pronounced loss of body mass and condition (i.e., ''chronic wasting''; Williams and Young, 1980; Williams, 2005) . These behavioral changes likely contribute to infected individuals being selectively targeted by mountain lions (Puma concolor) in natural systems Krumm et al., 2010) and also could affect the ability of females to care for their offspring and thus modify recruitment, as suggested for scrapie-infected sheep (Chase-Topping et al., 2005) .
Here we measured the influence of prion infection on the recruitment of fawns by free-ranging mule deer. We then analyzed the consequences of these effects for population growth by estimating the effects of disease-associated reductions in both recruitment and adult survival on population growth rate (l).
MATERIALS AND METHODS
The work reported here was part of a larger study on the effects of prion infection on mule deer survival published elsewhere . The prevalence of CWD in the mule deer herd that resides in the Table Mesa ; prevalence among females-the focus of our study-was about 21% . In this area, the local mule deer herd apparently had decreased from about 502 in 1988 to 238 in 2008 City of Boulder, unpubl. data) . To examine effects of prion infection on mule deer recruitment, we used radio telemetry to locate female deer and then observed the number of fawns at heel in late summer as a measure of fawning success.
Our study area included both urban interface neighborhoods and exurban public lands managed by the City of Boulder Open Space and Mountain Parks (OSMP) in the Table Mesa area that offered habitat to a herd of about 300 mule deer City of Boulder, unpubl. data) . Virtually no sport hunting occurred in this area, but mountain lions commonly prey upon the resident deer . Our study area was about 23 km 2 . Elevation ranged from 1,600 m to 2,050 m. Vegetation within our study area's urban-open space interface was typical of native lower montane zone but also included non-native urban landscapes. The natural lower montane vegetation consisted of mountain shrubs, mixed forbs, grasslands, and forest patches comprised mainly of Ponderosa pine (Pinus ponderosa) and some Douglas fir (Pseudotsuga menziesii).
During mid-September to mid-January 2006-2008, mule deer were captured and tested for prion infection by OSMP and Colorado Division of Wildlife (CDOW) staff . Fifty-two individual adult ($2-yr-old) female deer were used to observe fawns and estimate recruitment. We classified deer as infected or presumably uninfected based on lymphoid tissue biopsy immunohistochemistry Wolfe et al., 2002; Fox et al., 2006; Wolfe et al., 2007) . Deer were anesthetized for handling and sampling; tonsil and/or rectal mucosa tissues biopsies were collected using methods described by Wolfe et al. (2002 Wolfe et al. ( , 2007 . After sampling, we marked deer with uniquely numbered plastic ear tags and collars equipped with mortality-sensing VHF radio transmitters, then revived and released them. All surviving test-negative individuals were recaptured and sampled annually to update their infection status; test-positive deer were not recaptured. Field procedures that involved capturing and handling of deer were reviewed and approved by the CDOW Animal Care and Use Committee (CDOW ACUC; file .
Marked deer were located and observed monthly throughout the study to assess body condition and movement. Monthly telemetry locations also allowed us to identify when females separated from larger herd groups and moved to fawning areas in the spring. In addition, survival and movement of marked deer were tracked remotely twice weekly, and deer whose telemetry devices transmitted a mortality signal were located, cause of death was assessed, the carcass was photographed, and samples were taken for CWD testing .
During August-September, each collared female was located by triangulating its radio signal. If fawns were not seen with a female during the initial observation, we searched the surrounding area for an additional 30 min (Pojar and Bowden, 2004) . This was accomplished by marking the original location of the female and searching out to 200 m in a circular pattern. If searches were unsuccessful, then follow-up observations were made 1-7 days later. The number of fawn searches per female varied from two to five. On average, collared female deer were observed 3.5 times during August-September, around the time that fawns were weaned at 60-75 days old (Fitzgerald et al., 1994) . When two fawns were observed with a female we did not attempt to observe that female again; however, if only one fawn was observed with a female, then that female was observed at least one more time to ensure that the female had only one fawn still at heel. The total number of hours spent observing collared female deer to assess recruitment was 153 in 2006, 117 in 2007, and in 91 in 2008. Observer hours varied each year depending on the number of collared females and the number of repeated searches needed to find fawns or confirm lack of a fawn. Fawns seen nursing or being groomed by a collared female were assumed to be the offspring of that female. We also assumed that fawns were with a female if there were no other females in the area, if the fawn ran to the female or vice versa when disturbed, or if they departed together. Our field methods that involved observing collared female deer and their fawns also were evaluated and approved by the Colorado State University Animal Care and Use Committee (ACUC file 06-130A-01).
Each year, our sample size of collared female deer (Table 1) was dependent on the number of surviving individuals, the number of surviving uninfected deer that become infected, and the number of new infected and uninfected females that were added from the parent survival study. No new deer were added to the study in fall 2007, and consequently attrition resulting from mortalities of infected individuals left only three CWDinfected females for observation during the August-September 2008 field season.
We used a Bayesian model to estimate the posterior distribution of the number of fawns recruited per infected and uninfected female and to calculate associated quantities of interest. We then explored how the effects of CWD on vital rates influenced l using the dominant eigenvalue of the transition matrix for a discrete-time, females-only model with three age classes-fawns (aged 0,6 mo), yearlings (aged .,6 mo,18 mo), and adults (.,18 mo)-and estimated the relative contribution of demographic parameters to l (elasticity; de Kroon et al., 1986 Kroon et al., , 2000 . Details of these analyses are given in the appendix.
RESULTS
Of the 52 radio-collared female mule deer observed during the three summers of our study, 15 were in the infected class during one or more observation periods. We observed 37 of the collared females in two or three consecutive years. On average, we observed each collared female deer about 5.4 times per summer, including 3.5 times during August and September to determine their recruitment success for that year. Observers were blinded to the infection state of individual females, and prion infection did not appear to influence female sightability: observations per female per season averaged 5.3 for infected individuals and 5.5 for uninfected individuals. Both infected and uninfected collared females spent about 70% of their time in exurban habitats within the study area during June through September.
We examined the possibility of a year effect on recruitment to weaning by uninfected females and found that the 95% credible intervals on each year's recruitment rate strongly overlapped the 3-yr average recruitment rate. We observed no differences in recruitment between any 2 yr (data not shown). Consequently, we pooled the data across years for both disease states.
On average, uninfected female mule deer recruited 1.5 times more fawns (95% credible interval50.89-2.45) to weaning than infected females (Table 2; Fig. 1 ). The probability that the recruitment rate of uninfected females exceeded the rate for infected females was 0.93. As reported previously , prion infection also reduced adult female survival probability from 0.81 in uninfected females (95% credible interval50.65-0.92) to 0.52 in infected females (95% credible interval 0.34-0.69). Estimated growth rate of the uninfected herd segment averaged 1.04 (95% credible interval50.87-1.17; Fig. 2 ). In contrast, estimated average growth rate of the herd at current prevalence among females (21%) was 0.97 (95% credible interval50.82-1.09). The probability that an uninfected population had a growth rate .1 was 0.7, while the probability that a population at the current prevalence had a growth rate .1 was 0.32. Credible intervals on l were large for all estimates because the estimation of l required FIGURE 2. Results of Monte Carlo Markov chain simulations of the posterior probability densities of the growth rate of the uninfected female population, the infected female population including additive effects of survival and recruitment, and the growth rate of the infected population isolating the effects of recruitment for a mule deer population infected with chronic wasting disease. Model parameters are from Table 2. estimates of four parameters, all estimated with uncertainty that thereby amplified uncertainty in the derived quantities (see appendix).
Comparing deterministic estimates of l that included disease effects on recruitment alone, on survival alone, and on recruitment and survival combined illustrated the relative importance of these effects on mule deer population growth (Fig. 3) . Assuming the current level of prevalence among females, elasticities of the vital rates were 0.51 for adult survival and 0.15 for recruitment. For a mule deer population modeled using parameters estimated from the Table Mesa herd (Table 2) , the CWD prevalence at which l,1 assuming effects of recruitment alone was 0.91 (Fig. 3) . Assuming effects of CWD on survival alone, prevalence at which l,1 was 0.14 ( Fig. 3) . Assuming combined effects of recruitment and survival, prevalence at which l,1 was 0.13 (Fig. 3) .
DISCUSSION
We found that on average healthy adult female mule deer had about 1.5 times more fawns at heel in late summer than did prioninfected females, providing evidence that CWD can reduce recruitment in mule deer. This reduction, if additive to the influence of CWD on adult survival , may exacerbate the decelerating effect of prion disease on population growth rate at high levels of prevalence, although these effects are not large (Fig. 3) . Consistent with the expected relative contributions of recruitment and adult survival to population growth (elasticities) in a longlived species (de Kroon et al., 2000) , the effects of the disease on survival were more important in shaping population growth rate than disease effects from recruitment (Fig. 3) , findings that resembled those of Gross and Miller (2001) .
Other prion diseases also may indirectly affect neonatal survival. Chase-Topping et al. (2005) showed that scrapie-infected sheep produced on average 34% fewer offspring over their lifetimes than uninfected sheep. Similarly, BSE can cause a decrease in milk production in cattle (Bradley, 1991) . Direct effects to juveniles from BSE-or scrapie-infected mothers are not likely because the incubation periods for these diseases typically are well over a year. Similarly, CWD is not thought to have direct effects on pregnancy or survival of young deer (Williams, 2005) . If true vertical transmission of CWD occurs, it likely is rare (Miller and Williams, 2003) , and such infections probably would not directly affect young fawns. Fox et al. (2006) found that orally inoculated fawns did not develop endstage clinical CWD for well over 1 yr. The deer fawns we observed were 2-3 mo old, and thus it would have been highly unlikely for prion infection to directly affect their survival. In contrast, if prion infection in mule deer dams affects lactation, then the health of their nursing fawns could be negatively affected (Lomas and Bender, 2007; Therrien et al., 2008) . Moreover, because infected animals also are less aware and tend to be more solitary (Williams and Young, 1980; Williams, 2005) , it is plausible that these or other subtle changes in behaviors also could FIGURE 3. Relationship between prevalence of chronic wasting disease (CWD) and deterministic estimates of the population growth rate (l) calculated in simulation models of the Table Mesa mule deer herd assuming CWD influences recruitment alone, adult survival alone, or the combination of survival and recruitment.
affect the ability of females to care for their offspring. Because direct effects of CWD on fawns are unlikely, reduced recruitment by prion-infected female mule deer in the Table Mesa herd seems most likely the product of indirect effects on neonatal survival.
Others have observed that bacterial and viral diseases can adversely affect recruitment in ungulate populations. Pioz et al. (2008) found that 36% of the annual variation in reproductive success of alpine chamois (Rupicapra rupicapra) was explained by the prevalence of antibodies against Salmonella enterica, Chlamydophilia abortus, and Coxiella burnetii. Bluetongue virus infections in mule deer and white-tailed deer appear to decrease breeding success and cause reproductive failure (Thorne et al., 1988) , although the underlying mechanism is unclear. Hemorrhagic disease also is thought to be partially responsible for decreased fawn recruitment in pronghorn (Antilocapra americana) and to play a part in population declines (Dubay et al., 2006) . After a bluetongue virus outbreak, Thorne et al. (1988) reported that fawn:female ratios dropped from 101:100 to 47:100. Bronchopneumonia caused by Pasteurellaceae and perhaps other respiratory pathogens causes poor lamb recruitment and declines in bighorn sheep (Ovis canadensis) populations (Singer et al., 2000; George et al., 2008) .
The prevalence of CWD among female mule deer at Table Mesa (21%) is relatively high compared to other areas of Colorado (Miller and Conner, 2005; Miller et al., 2000 Miller et al., , 2008 . Gross and Miller (2001) predicted that mule deer populations could undergo local extinction as a result of effects of CWD. Thus, the Table Mesa mule deer herd represented an opportunity to examine the plausibility of this prediction with field data on vital rates. Empirical data already suggested that this herd apparently declined by about 45% over the last 20 yr ; City of Boulder, unpubl. data); using inventory data, the calculated average l over this 20-yr period was 0.96. We estimated that l for the uninfected herd segment averaged 1.04 at the time of our study, which implied that the Table Mesa herd would be growing in the absence of CWD. At the prevalence observed, we also estimated l at 0.97, suggesting that the herd was still declining, although in light of the credible intervals on our estimate of l (0.82-1.09), we cannot rule out the possibility that this herd was increasing. Based on the empirical, cumulative, posterior distribution of l, the probability that an uninfected mule deer herd would be declining under observed rates of adult survival and recruitment was 0.3. However, including disease effects on l more than doubled the probability that population growth was declining (probability l,15 0.68). Because our estimates reflect a substantial probability that the Table Mesa mule deer herd was declining at the time of our study, our results are consistent with the model predictions of Miller and Gross (2001) and with the empirical results of Miller et al. (2008) . Recruitment data from our study period may have been inflated as a result of local mountain lion management and removal during the first year of our study or as a result of the relatively low deer density in the Table Mesa area. It is also remotely possible that a few fawns may have been drawn to or adopted by more attentive mothers, thereby adding unknown confoundment to observed trends. Although these recruitment and survival data represent only a brief time period of 3 yr, our findings suggest that the long-term persistence of this deer herd is uncertain.
We have shown that prion infection may influence the probability that female mule deer will recruit fawns to weaning, but these effects are likely to be small. We conclude that effects of CWD on recruitment can be reasonably omitted from estimates of the effect of the disease on mule deer population growth rate. We used a simple Bayesian model to estimate the posterior distribution of the number of fawns recruited per infected and uninfected female in each disease state (m j ) and to calculate associated quantities of interest. The model was p m j jy
where y i,k,j is the k th annual observation of the number of fawns for the i th deer in the j th disease state (15negative, 25positive). There were n j deer observed in each disease state. We observed deer as many as three times during the study; thus n i ranges from 1 to 3 depending on the individual deer. We used a Poisson likelihood:
and uninformative gamma prior, p(m j )5 Gamma(0.001, 0.001). To assess the magnitude of the impact of the disease on recruitment, we calculated the posterior distribution of the ratio m negative /m positive .
We explored how the effects of CWD on vital rates affected the population growth rate by analyzing the transition matrix of a discretetime model for females of three ages, fawns (aged 0,6 mo), yearlings (aged .,6,18 mo), and adults (.,18 mo). We assumed that all breeding occurred before census so that animals ,18 mo and older could be pregnant, and we assumed census occurred at midwinter and births pulsed in early summer. The model can be summarized as follows: 
where N t was the population vector consisting of the three stages described above, f yr was the number of fetuses produced per yearling female, s emb was the survival of embryos (i.e., 1-proportion stillborn), s fwn was survival from birth to an animal's first census, s 2, j was survival of adults in the j th disease state, m j was the number of fawns produced per adult females surviving to weaning for each disease state, s 0 was the probability of survival from weaning to an animal's first census, and s 1 was ''juvenile'' survival from about 6-18 mo of age. We divided m j by 2 because we used a single sex model and because we assumed a 50:50 sex ratio at birth. Adult survival was included in terms for recruitment because we assumed that births occurred after census and that the preponderance of adult mortality occurred between census and births (i.e., during late winter). Means and standard deviations for f yr , s emb , s fwn , s 0 , and s 1 were derived from data in Bishop et al. (2009) . Mean and standard deviation for s 2 were derived from data in Miller et al. (2008) .
The dominant eigenvalue of M gave the ergodic population growth rate (l). Our estimate of l included uncertainties associated with the estimates of m j (through the estimates of a j , b j ), and included uncertainties associated with all estimates of survival. This was easily accomplished using Monte Carlo Markov chain (MCMC) methods because, using this approach, any quantity that is a function of a random variable l~f (M) becomes a random variable that depends on the uncertainty in the arguments to the function, that is, the uncertainties in the elements of M (Clark, 2003; Clark and Bjørnstad, 2004; Clark et al., 2005) . For example, to estimate the uncertainties associated with the adult survival for CWD-infected females we used a binomial likelihood, p(n 2,survive js 2,2 , n 2,observed ) n 2,observed n 2,survive ! s 2,2 n2,survive (1{s 2,2 ) n 2,observed {n2,survive ,
where n 2, survive was the number of surviving infected adults in a sample of n 2,observed from the companion study . Uncertainty in s emb , s fwn , s 0 , and s 1 was modeled using prior information (Bishop et al., 2009 ) modeled as beta distributions. Thus, to estimate s 0 we used
with shape parameters a 5 114.92 and b 5 27.6, which yielded a distribution with mean of 0.806 and standard deviation of 0.033 (Bishop et al., 2009 ).
To determine how vital rates mediated the effect of CWD on population growth rate, we estimated l three ways using different terms for recruitment and survival. First, we estimated the growth rate for an uninfected population (l 0 ) using estimates of recruitment and survival for healthy females. Second, we calculated the growth rate of the population at current levels of prevalence including effects of CWD on recruitment and survival (l fs ). We used a weighted average for recruitment and survival, weighted by the proportion of infected females in the population (r). In this case, 
Uncertainty in the parameter r was modeled using a binomial distribution, 
where n positive was the number of deer positive for CWD that were observed in a sample of n observed . Third, we estimated the growth rate that would occur at current levels of prevalence
